Absorption of NaCl by the thick ascending limb (TAL) involves active transport and therefore depends on oxidative phosphorylation. Extracellular ATP has pleiotropic effects, including both stimulation and inhibition of transport and inhibition of oxidative phosphorylation. However, it is unclear whether ATP alters TAL transport and how this occurs. We hypothesized that ATP inhibits TAL Na absorption by reducing Na entry. We measured oxygen consumption in TAL suspensions. ATP reduced oxygen consumption in a concentration-dependent manner. The purinergic (P2) receptor antagonist suramin (300 M) blocked the effect of ATP on TAL oxygen consumption (147 Ϯ 15 vs. 146 Ϯ 16 nmol O2 ⅐ min Ϫ1 ⅐ mg protein Ϫ1 ). In contrast, the adenosine receptor antagonist theophylline did not block the effect of ATP on oxygen consumption. When Na-K-2Cl cotransport and Na/H exchange were blocked with furosemide (100 M) plus dimethyl amiloride (100 M), ATP did not inhibit TAL oxygen consumption (from 78 Ϯ 13 to 98 Ϯ 5 nmol O2 ⅐ min Ϫ1 ⅐ mg protein Ϫ1 ). The Na ionophore nystatin (200 U/ml) increased TAL oxygen consumption to a similar extent in both ATP-and vehicle-treated samples (368 Ϯ 41 vs. 397 Ϯ 47 nmol O2 ⅐ min Ϫ1 ⅐ mg protein Ϫ1 ). The nitric oxide synthase inhibitor N Gnitro-L-arginine methyl ester (3 mM) blocked the ATP effects on TAL oxygen consumption (157 Ϯ 10 vs. 165 Ϯ 15 nmol O2 ⅐ min Ϫ1 ⅐ mg protein Ϫ1 ). The P2X-selective receptor antagonist NF023 blocked the effect of ATP on oxygen consumption, whereas the P2X-selective agonist ␤-␥-Me-ATP reduced oxygen consumption in a concentration-dependent manner. We conclude that ATP inhibits Na transportrelated oxygen consumption in TALs by reducing Na entry and P2X receptors and nitric oxide mediate this effect. NKCC2; purinergic signaling; NHE THE THICK ASCENDING LIMB of the loop of Henle reabsorbs 20 -30% of the NaCl filtered by the glomerulus. NaCl reabsorbed by this segment generates the cortico-medullary osmotic gradient necessary for water reabsorption and urine concentration. Therefore, factors that affect NaCl reabsorption in this segment directly impact Na and water excretion (7, 8) . NaCl reabsorption in the thick ascending limb involves an active transport mechanism in which NaCl passively enters the cell via apical Na/H exchange and Na-K-2Cl cotransport and exits via basolateral Na-K-ATPase (7).
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Extracellular adenosine triphosphate (ATP) is an autocrine/ paracrine factor found in the luminal fluid of the nephron (30) and interstitial space (19) . Extracellular ATP may regulate thick ascending limb transport. Extracellular ATP potently activates Cl secretion in respiratory epithelia (27) , while in the gastrointestinal tract it increases K and HCO 3 secretion (12) . In contrast, extracellular ATP inhibits HCO 3 transport in the proximal tubule (1) and Na transport in the collecting ducts (21) due to reduced activity of epithelial Na channels (ENaC) (31, 32) .
In the thick ascending limb, extracellular ATP could inhibit transport by at least two different mechanisms. We previously reported that extracellular ATP increases nitric oxide (NO) in a P2X receptor-mediated mechanism (22) , and NO inhibits transport in the thick ascending limb (6, 20) . However, extracellular ATP also inhibits oxidative phosphorylation in other cell types (9) . Inhibition of oxidative phosphorylation decreases ATP production and could reduce Na transport, because thick ascending limb Na transport depends on Na-K-ATPase activity. Currently, it is unknown whether ATP inhibits transport in the thick ascending limb and the mechanism(s) involved. We hypothesized that ATP inhibits thick ascending limb transport via NO and activation of P2X receptors.
METHODS
Animals. This study was approved by the Henry Ford Hospital Institutional Animal Care and Use Committee. All studies were conducted according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Male Sprague-Dawley rats weighing 150 to 200 g (Charles River Breeding Laboratories) were fed a diet containing 0.22% Na and 1% K (Purina) for 7-12 days before the experiments.
Rat medullary thick ascending limb suspensions. Medullary thick ascending limb suspensions were prepared as described previously (26) . Kidneys were perfused retrograde via the abdominal aorta with 40 ml of 0.1% collagenase type I (Sigma) and 100 U heparin in HEPES-buffered physiological saline containing (in mM) 130 NaCl, 4 KCl, 2.5 NaH 2PO4, 1.2 MgSO4, 2 calcium dilactate, 5.5 glucose, 6 D/L-alanine, 1 trisodium citrate, and 10 HEPES. The inner stripe of the outer medulla was dissected from coronal slices of the kidneys. The tissue was minced and incubated at 37°C for 30 min in 0.1% collagenase type I while agitating the suspension and gassing it with 100% oxygen every 5 min. Tissue was centrifuged at 93 g for 2 min, resuspended in cold HEPES-buffered physiological saline, and stirred on ice for 30 min. The resulting tubule suspension was filtered through a 250-m nylon mesh and spun again for 2 min. The pellet was washed and resuspended in 1 ml cold HEPES-buffered physiological saline. At least 93% of tubules in these suspensions are thick ascending limbs (4) .
Measurement of oxygen consumption. To examine the effect of ATP on tubular transport, we used oxygen consumption. This technique allowed us to monitor the effects of ATP on both transport and cell metabolism. Oxygen consumption can be used to measure Na transport because it is stoichiometrically related to Na transport, and 35-50% of total oxygen consumption by the thick ascending limb is associated with NaCl transport (4, 18, 23, 29) . To measure oxygen consumption, thick ascending limbs were suspended in 0.1 ml of HEPES-buffered physiological saline warmed to 37°C and equili-brated with 100% oxygen. Then, they were added to a closed chamber at 37°C and oxygen consumption was recorded continuously using a Clark electrode. An initial constant slope was established for each experiment (usually within 5 min). Then, treatments were added. The effect of a treatment was measured after a new stable slope was established for at least 3 min. All experiments were completed within 20 min. At the end of the experiment, an aliquot of the suspension was used to determine protein content.
Determination of protein content. Total protein content was determined using Coomassie Plus reagent (Pierce, Rockford, IL), based on Bradford's colorimetric method.
Statistics. Data are reported as means Ϯ SE. Differences in means were analyzed using either Student's t-test for paired experiments or an unpaired t-test, applying Hochberg's adjustment when appropriate to determine significance. Statistical analysis was performed by the Henry Ford Hospital Department of Biostatistics and Epidemiology.
RESULTS
To begin to test our hypothesis, we measured the effect of ATP on basal oxygen consumption by generating a concentration-response curve. We found that increasing concentrations of ATP from 1 to 10 and 100 M decreased oxygen consumption in a concentration-dependent manner. At the maximum concentration tested, ATP inhibited oxygen consumption by 27% ( Fig. 1) . In control experiments, vehicle had no effect on oxygen consumption.
To test the possibility that the effect of ATP on thick ascending limb oxygen consumption was due to a P2 receptormediated mechanism, we used the P2 receptor antagonist suramin. In the absence of suramin (300 M), basal thick ascending limb oxygen consumption was 142. Fig. 2 ). In the thick ascending limb, extracellular ATP may be hydrolyzed to adenosine, which inhibits transport in this segment (2) . To test whether adenosine mediates the effects of ATP on oxygen consumption, we used the adenosine receptor antagonist theophylline. In the absence of theophylline, basal thick ascending limb oxygen consumption was 94.0 Ϯ 7. To test whether ATP decreases oxygen consumption by decreasing Na transport, we first measured the effect of inhibiting Na/H exchange and Na-K-2Cl cotransport using dimethyl amiloride and furosemide on oxygen consumption (6) . After the addition of both dimethyl amiloride (100 M) and furosemide (100 M) in physiological saline, thick ascending limb oxygen consumption decreased from 132.7 Ϯ 9.3 to 71.9 Ϯ 9.4 nmol O 2 ⅐min Ϫ1 ⅐mg protein Ϫ1 , indicating that 49% of thick ascending limb oxygen consumption was associated with transport.
We next examined the ability of ATP to decrease oxygen consumption in the presence of the Na/H exchanger and Na-K-2Cl cotransporter inhibitors. As expected, in the presence of dimethyl amiloride (100 M) and furosemide (100 M), basal thick ascending limb oxygen consumption was reduced (78.8 Ϯ 12.2 nmol O 2 ⅐min Ϫ1 ⅐mg protein Ϫ1 ) because of decreased ATP utilization. After ATP (100 M) was added, thick ascending limb oxygen consumption remained unchanged (98.8 Ϯ 5.1 nmol O 2 ⅐min Ϫ1 ⅐mg protein Ϫ1 ; n ϭ 6; Fig. 3) . In control experiments, vehicle did not alter thick ascending limb oxygen consumption (66.42 Ϯ 5.64 vs. 64.7 Ϯ 
nmol O 2 ⅐min
Ϫ1 ⅐mg protein Ϫ1 ; n ϭ 7). Taken together, these data indicate that the inhibitory effects of ATP on oxygen consumption are due to decreased thick ascending limb transport.
To distinguish between an effect of ATP on Na entry and exit, we used the Na ionophore nystatin (3). Nystatin increases intracellular Na by forming cation-selective channels in the plasma membrane, and therefore enhances Na-K-ATPase activity. Basal oxygen consumption was 130. ; n ϭ 7). Addition of nystatin increased thick ascending limb oxygen consumption to 397.4 Ϯ 47.4 nmol O 2 ⅐min Ϫ1 ⅐mg protein Ϫ1 , similar to the suspensions treated with ATP (n ϭ 7; not significant vs. tubules treated with ATP; Fig. 4 ). These data indicate that the inhibitory effects of ATP on oxygen consumption are not due to a decrease in maximum pump activity.
To study whether the inhibitory effects of ATP on thick ascending limb transport-related oxygen consumption are mediated by NO, we used the NO synthase (NOS) inhibitor N -nitro-L-arginine methyl ester (L-NAME). In the absence of L-NAME, basal thick ascending limb oxygen consumption was 144.2 Ϯ 9.5 nmol O 2 ⅐min Ϫ1 ⅐mg protein Ϫ1 . After ATP (100 M) was added, thick ascending limb oxygen consumption decreased to 100.7 Ϯ 10.6 nmol O 2 ⅐min Ϫ1 ⅐mg protein Ϫ1 (n ϭ 6; P Ͻ 0.01 vs. basal). In contrast, in the presence of L-NAME (3 mM), basal thick ascending limb oxygen consumption was 157.5 Ϯ 10.9 nmol O 2 ⅐min Ϫ1 ⅐mg protein
Ϫ1
. After ATP was added, thick ascending limb oxygen consumption remained constant at 165.3 Ϯ 15.5 nmol O 2 ⅐min Ϫ1 ⅐mg protein Ϫ1 (n ϭ 6; not significant vs. basal; Fig. 5 ). These data indicate that the inhibitory effects of ATP on oxygen consumption in the thick ascending limb are mediated by NO.
Because we previously reported that ATP increases NO production in the thick ascending limb via P2X receptor activation (22), we investigated the role of P2X receptors in ATP-induced inhibition of oxygen consumption. First, we examined the efficacy of the P2X-selective agonist ␤-␥-Me-ATP. We found that increasing concentrations of ␤-␥-Me-ATP from 1 to 10 and 100 M decreased oxygen consumption in a concentration-dependent manner. At the maximum concentration tested, ␤-␥-Me-ATP inhibited oxygen consumption by 38% (Fig. 6A ). Then, we tested the effect of ATP on oxygen consumption in the presence and absence of the P2X-selective antagonist NF023. In the absence of NF023, basal thick ascending limb oxygen consumption was 95.7 Ϯ 9.3 nmol O 2 ⅐min Ϫ1 ⅐mg protein
. After ATP (100 M) was added, thick ascending limb oxygen consumption decreased to 63.3 Ϯ 5.0 nmol O 2 ⅐min Ϫ1 ⅐mg protein Ϫ1 (n ϭ 5; P Ͻ 0.01 vs. basal). In contrast, in the presence of NF023 (150 M), thick ascending limb oxygen consumption was 97.4 Ϯ 8.6 nmol O 2 ⅐min Ϫ1 ⅐mg protein
. After ATP (100 M) was added, thick ascending limb oxygen consumption remained constant at 100.5 Ϯ 7.2 nmol O 2 ⅐min Ϫ1 ⅐mg protein Ϫ1 (n ϭ 5; Fig. 6B ). Because P2Y receptors are also expressed in this segment, we tested the ability of the P2Y-selective agonist uridine-triphosphate (UTP) to inhibit thick ascending limb oxygen consumption. We found that in thick ascending limb suspensions, basal Fig. 3 . Effect of extracellular ATP on oxygen consumption in thick ascending limbs during inhibition of Na ϩ /H ϩ exchanger and the Na ϩ -K ϩ -2Cl Ϫ cotransporter. Addition of ATP in the presence of apical transporter inhibitors Na ϩ /H ϩ exchanger and the Na ϩ -K ϩ -2Cl Ϫ cotransporter inhibitors dimethyl amiloride (DMA) and furosemide (FUR) did not inhibit oxygen consumption, indicating that ATP inhibits oxygen consumption (n ϭ 6). N.S., not significant. oxygen consumption was 111.8 Ϯ 3.2 nmol O 2 ⅐ min Ϫ1 ⅐mg protein Ϫ1 . After UTP (100 M) was added, thick ascending limb oxygen consumption only decreased to 101.3 Ϯ 4.2 nmol O 2 ⅐min Ϫ1 ⅐mg protein Ϫ1 (n ϭ 5; P Ͻ 0.05 vs. basal), only a 9% inhibition. In control experiments, vehicle had no effect on oxygen consumption. Taken together, these data indicate that ATP inhibits thick ascending limb oxygen consumption primarily via activation of P2X receptors.
DISCUSSION
To study the effect of extracellular ATP on the thick ascending limb, we measured its effects on oxygen consumption (18) . In thick ascending limb suspensions, ATP decreased oxygen consumption by 27%. Most of the cellular effects of ATP are mediated by purinergic receptors (16) . To determine whether P2 receptors were involved in ATP-induced inhibition of oxygen consumption in the thick ascending limb, we used the P2 receptor antagonist suramin. We found that it blocked the effects of ATP on oxygen consumption by 90%. These data indicate that most of the inhibition of oxygen consumption by ATP is primarily receptor mediated.
We showed that ATP is hydrolyzed in the extracellular space of the thick ascending limb (22) , forming adenosine (13, 28) which should inhibit transport (2) . To determine whether the adenosine that could be generated by ATP hydrolysis was involved in the ATP-induced inhibition of oxygen consumption in the thick ascending limb, we used the adenosine receptor antagonist theophylline. We found that it did not block the effects of ATP on oxygen consumption. However, the P2 receptor antagonist suramin blocked ATP-induced inhibition of transport. The inability to show an effect of adenosine resulting from ATP hydrolysis is likely due to the fact that the adenosine generation is insufficient to have an effect, under our experimental conditions. About 50% of oxygen consumption by the thick ascending limb is the result of active Na transport. Thus, we tested whether inhibition of oxygen consumption by extracellular ATP was related to Na transport. To do this, we measured the effects of ATP in tubules preincubated with both furosemide and dimethyl amiloride at concentrations previously shown to abolish Na entry (6, 20) . We found that in the presence of these transport inhibitors, ATP no longer inhibits oxygen consumption. These data indicate that the inhibitory effects of extracellular ATP on thick ascending limb oxygen consumption at least at the concentrations we tested are limited to transport. However, these experiments did not address the issue of how Na transport is inhibited by ATP.
ATP-induced inhibition of transport-related oxygen consumption could be due to inhibition of either 1) Na entry and/or exit or 2) oxidative phosphorylation. To determine which was the case, we used the Na ionophore nystatin. Addition of nystatin increases Na entry, and thus stimulates Na exit via Na-K-ATPase. Because of the enhanced pump activity, nystatin also increases oxidative phosphorylation, ATP production, and therefore oxygen consumption. If extracellular ATP inhibits Na entry, we would expect nystatin to increase oxygen consumption equally in both vehicle-and ATP-treated cells. Conversely, if extracellular ATP inhibits Na exit or oxidative phosphorylation, we would expect nystatin not to stimulate oxygen consumption in ATP-treated cells as much as in vehicle-treated cells. We found that nystatin increased oxygen consumption equally in ATP-and vehicle-treated samples. These data indicate that the inhibitory effects of ATP on oxygen consumption are due to inhibition of Na entry rather than Na exit or oxidative phosphorylation.
Our data indicating that ATP inhibits Na transport by reducing Na entry are similar to other data reported in the literature. In Madin-Darby canine kidney cells, extracellular ATP inhibits Na entry via Na-K-2Cl cotransport (5) . ATP inhibits Na reabsorption in collecting ducts, when rats are fed a low-Na diet. This maneuver increases ENaC activity, which is also an apical ion channel (21) . Moreover, ATP reportedly blocks Na currents in M1 collecting duct cells (15) . In addition, ATP also reduces activity of apical small-conductance K channels by activating the P2 receptor (17) .
Our data indicate that ATP does not inhibit oxidative phosphorylation or Na-K-ATPase activity. These data contrast with those reported for the proximal tubule in which ATP inhibits Na exit via Na-K-ATPase (11). Our report also varies with data showing that extracellular ATP reduces oxidative phosphorylation (9). These differences may be related to the type of cell studied and/or the concentration of ATP. They also raise the question of how ATP inhibits Na entry into the thick ascending limb.
Extracellular ATP stimulates NO production in the thick ascending limb (22) , and we showed that NO inhibits Na-K2Cl cotransport (20) and Na/H exchange (6) in this segment. Therefore, we investigated the role of NO in ATP-induced inhibition of transport. In the presence of the NOS inhibitor L-NAME, ATP-induced inhibition of oxygen consumption was abolished. These data indicate that the inhibitory effects of extracellular ATP on thick ascending limb transport are primarily mediated by NO.
Our observation that NO mediates the effect of extracellular ATP is similar to other published reports. We previously found that the inhibitory effect of NO on thick ascending limb transport is due to a reduction in Na/H exchange and Na-K-2Cl cotransport rather than decreased Na-K-ATPase (6, 20) . ATPinduced inhibition of K conductance in the cortical collecting duct is reproduced by adding cGMP and inhibited by adding L-NAME (17) . In medullary collecting ducts, ATP inhibits Na currents in a mechanism dependent on PI3 kinase (33) , an enzyme which mediates the ATP-induced NO production in the thick ascending limb (25) .
P2X receptor activation in the thick ascending limb stimulates NO production (22) . Therefore, we tested whether ATPinduced inhibition of oxygen consumption was mediated by P2X receptors. We found that the P2X-selective agonist ␤-␥-Me-ATP decreased oxygen consumption in a concentrationdependent manner and the P2X-selective antagonist NF023 blocked the effects of ATP on thick ascending limb oxygen consumption. These data indicate that P2X receptors mediate the effects of ATP on thick ascending limb oxygen consumption.
P2X receptor activation has been shown to inhibit transport in other cell types. Activation of P2X receptors reportedly blocks Na currents in ENaC expressing Xenopus laevis oocytes by decreasing ENaC abundance in the apical membrane (32) . Similarly, electrophysiological experiments with inner medullary collecting duct cells indicate that P2X receptor activation inhibits ENaC activity (33) . As we mention before, this mechanism is sensitive to inhibition of PI3 kinase, an enzyme involved in NOS activation by ATP (25) . Therefore, it is probable that in these cells P2X receptor activation inhibits ENaC in a mechanism mediated by NO.
In summary, extracellular ATP inhibits thick ascending limb Na transport via activation of P2X receptors by reducing Na entry by stimulating NO production which, in turn, blocks Na/H exchange and Na-K-2Cl cotransport. The effects of ATP on the thick ascending limb may be important when ATP release is stimulated, which occurs with increased luminal flow (10), changes in interstitial osmolality (24) , or increased Na delivery to the distal nephron (14) .
